
Analytical
Methods

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 1
2:

52
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A comprehensive
aLaboratory of Analytical Chemistry, De

Kapodistrian University of Athens, Pane

Greece. E-mail: ntho@chem.uoa.gr; Tel: +30
bLaboratory of Food Chemistry, Department

University of Athens, Panepistimiopolis Zogr

† Electronic supplementary informa
https://doi.org/10.1039/d4ay00181h

Cite this: Anal. Methods, 2024, 16,
2684

Received 31st January 2024
Accepted 8th April 2024

DOI: 10.1039/d4ay00181h

rsc.li/methods

2684 | Anal. Methods, 2024, 16, 268
HRMS methodology using LC-
(ESI)-/GC-(APCI)-QTOF MS complementary
platforms for wide-scope target screening of >750
pesticides in olive oil†

Sofia K. Drakopoulou, a Stefanos E. Kokolakis,a Apostolos L. Karagiannidis,a

Marilena E. Dasenaki, b Niki C. Maragou a and Nikolaos S. Thomaidis *a

This study presents the development and validation of a comprehensive high-resolutionmass spectrometry

(HRMS) methodology for the detection of 771 pesticides in olive oil, using liquid chromatography with

electrospray ionization, operating in positive and negative mode, and gas chromatography with

atmospheric-pressure chemical ionization in positive mode, both coupled to quadrupole-time-of-flight

mass spectrometry (LC-(ESI)-/GC-(APCI)-QTOF MS). Special reference is made to the post-acquisition

evaluation step, in which all LC/GC-HRMS analytical evidence (i.e. mass accuracy, retention time,

isotopic pattern, MS/MS fragmentation) is taken into account in order to successfully identify the

compounds. The sample preparation of the method involves a QuEChERS-based protocol, common for

both techniques, differentiated only on the reconstitution step, making the method highly applicable in

routine analysis. A smart evaluation of method's performance was carried out, with 65 representative

analytes comprising the validation set. The method was validated in terms of linearity, accuracy, matrix

effect and precision, while the limits of detection and quantification of the method were estimated.

Finally, twenty Greek olive oil samples were analysed in both analytical platforms and the findings

included the pesticides lambda-cyhalothrin, chlorpyrifos, phosphamidon, pirimiphos-methyl and

esprocarb at low ng g−1 level.
1 Introduction

Pesticides consist a powerful tool in the agriculture eld in
order to satisfy the worldwide need for food, taking into
consideration the fast-occurring changes, such as over-
population,1 climate change2 and intensive farming.3 However,
the extensive use of these chemicals and the non-compliance to
good agricultural practises may endanger human health safety.

Extra virgin olive oil (EVOO) is one of the most essential
Mediterranean diet components, being distinguished for its
unique taste and nutritional value, while its consumption has
been associated with longevity and good health,4,5 as well as
lower risk of cardiovascular6 or neurodegenerative diseases,
such as Alzheimer.7,8 In order to protect the precious crops of
olive trees from insecticides, farmers oen apply pesticides and
partment of Chemistry, National and
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tion (ESI) available. See DOI:

4–2692
the produced olive oil is a food product that is monitored for
pesticides' residues.

In this framework maximum residue levels (MRLs) are
established by Regulation (EC) No. 396/2005 (ref. 9) in order to
ensure the lowest possible consumer exposure to pesticide
residues in treated crops. In most cases the MRLs are set for the
foods in their raw, unprocessed form. These MRLs can be
applied to processed foods using appropriate processing factors
which are based on studies which take into account the effect of
processing on the food as traded. Based on processing studies
EFSA has created an EU database of processing factors for
pesticide residues,10 including ‘olives for oil production’ as raw
primary commodity and ‘native oil’ as processed commodity.

Considering that more than 1000 pesticides are listed in the
EU pesticides database,11 it is of paramount importance to
develop powerful and holistic analytical methodologies that can
detect a wide range of pesticides at very low concentrations.
According to the European Guidance Document on Pesticide
Analytical Methods for Risk Assessment and Post-approval
Control and Monitoring Purposes,12 the analytical methods
used for pesticides screening must meet common criteria of
performance, with the conrmatory techniques of gas
chromatography-mass spectrometry (GC-MS) and liquid
This journal is © The Royal Society of Chemistry 2024
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chromatography-mass spectrometry (LC-MS) being the most
prevailed ones due to their reliability and widespread applica-
tion.13,14 In several studies, both LC and GC combined with MS
are applied,15–19 as complementary, orthogonal methods. GC-
MS is mostly used for semi-volatile compounds, whereas LC-
MS is favourable for polar and thermo-labile pesticides.
Therefore, the combination of these two techniques leads to
a signicant increase of the analytical coverage that enables the
wide-scope screening of pesticides.

Over the past decades, different approaches to trace-level
determination of pesticides have been investigated aiming at
developing t-for-purpose methods.20 Most of them exploit the
capability of chromatographic techniques coupled to triple
quadrupole mass spectrometer (LC-QqQ, GC-QqQ), based
mainly at its exceptional sensitivity.16,21–23 However, relying on
recent breakthroughs in the eld of high-resolution mass
spectrometry (HRMS), chromatographic techniques combined
with HRMS (LC-QTOF, GC-QTOF) are gradually introduced in
pesticide routine analysis as a very promising alternative.24–26

Specically, HRMS-based methodologies are presented as one
of the most reliable analytical platforms for pesticides analysis,
mainly due to their potential of wide-scope screening and
retrospective analysis, as well as due to the high condence in
identication achieved.27 Regarding the latter, especially when
coupled to chromatographic techniques, the conrmation of
positive ndings in HRMS workow is relied on several identi-
cation criteria that consider all the analytical evidence avail-
able (i.e., retention time, mass accuracy, isotope tting,
fragmentation pattern), thus signicantly enhancing identi-
cation condence.28

Additionally, several studies have been carried out to inves-
tigate which ionization method is more suitable and effective,
with atmospheric-pressure chemical ionization (APCI) being
recently highlighted as an emerging source.29 APCI is a low
energy ionization mechanism (so), which results to reduced
fragmentation and high-abundance occurrence of the molec-
ular ion, ultimately favouring the wide-range detection of the
targeted compounds.30 Another advantage of APCI source is its
ability to be interfaced with both GC and LC instruments.30,31

This fact adds versatility and extends analytical capabilities
providing exibility to determine volatile and semi-volatile
compounds of low and intermediate polarity, traditionally
analysed by dedicated vacuum GC-MS instruments.32 In recent
studies, GC-APCI has been coupled to MS to address different
demanding issues, not only in the case of pesticide analysis,33,34

but also in the eld of food authenticity, such as characteriza-
tion and classication.35,36 Furthermore, in some methodolo-
gies, different analytical approaches are combined using either
electrospray ionization (ESI) or APCI (e.g. LC-ESI/APCI, GC-
APCI) coupled to MS, in order to fully exploit each platforms'
capabilities and increase the analytical coverage. Such
approaches have been already introduced to olive oil discrimi-
nation studies, using both platforms coupled to low resolution
mass spectrometry, LRMS,17 or HRMS,18,19 leading to notable
results.

In the present work, a comprehensive methodology using
LC-ESI and GC-APCI coupled to HRMS was developed, enabling
This journal is © The Royal Society of Chemistry 2024
the detection of 771 pesticides. A QuEChERS-based protocol
was followed for the extraction of pesticides from olive oil
matrix. The sample preparation was common for both tech-
niques, differentiated only on the reconstitution step, thus
making the method highly applicable in routine analysis.
Taking advantage of HRMS potential, a strong post-acquisition
evaluation of the data is being discussed considering all criteria
available through LC/GC-HRMS analysis, aiming at high-
condence identication. To facilitate data evaluation, in-
house databases of LC-ESI and GC-APCI-HRMS were imple-
mented to conrm positive ndings. The databases included
information regarding retention time, MS and MS/MS ions, and
were built aer injecting standards for all the target
compounds. The proposedmethodology was validated based on
smart evaluation of its performance through the validation of 65
selected analytes. Finally, the method was applied to olive oil
samples from Greece. To the best of our knowledge, this is the
rst study than includes such a wide range of pesticides'
detection, applied for the rst time in olive oil matrix. Moreover,
thanks to HRMSmain capabilities, retrospective analysis is also
enabled. Previous data can be mined for newly emerged
compounds of concern to determine if these pesticides have
been previously detected. Hence, the proposed methodology is
an important tool towards pesticides control and health
protection, providing a comprehensive picture of the exposure
to pesticides over time.

2 Experimental
2.1. Chemicals and reagents

All solvents were of special purity, pesticide grade for residue
analysis. For UPLC-ESI-QTOF system all solvents were UPLC-MS
grade. Methanol (MeOH) hypergrade for LC-MS was purchased
from Sigma-Aldrich (Steinheim, Germany), acetonitrile (ACN)
from Honeywell (New Jersey, USA), whereas 2-propanol and
ethyl acetate (EtoAC) of LC-MS grade was acquired from Fisher
Scientic (Geel, Belgium). Distilled water was provided by
a Milli-Q purication apparatus (Millipore Direct-Q UV, Bed-
ford, MA, USA). Regenerated cellulose syringe lters (RC, pore
size 0.2 mm, diameter 15 mm) were purchased from Phenom-
enex (Torrance, CA, USA). Ammonium acetate and sodium
formate of 99% purity were purchased by Sigma-Aldrich
(Steinheim, Germany). For GC-APCI-QTOF system, hexane for
pesticide residue analysis was purchased from Honeywell (New
Jersey, USA) and acetone pestipure from Carlo Erba (Barcelona,
Spain).

Regarding the experimental procedure, standards of hexa-
chlorobutadiene, dichlorvos, alpha-HCH, hexachlorobenzene,
beta-HCH, lindane, delta-HCH, heptachlor, aldrin, dicofol,
isodrin, alpha-endosulfan, dieldrin, endrin, 4,40-DDT, 4,40-
DDD, 4,40-DDE, 2,40-DDT, endosulfan-sulfate, (>99% purity)
were purchased from Fluka-Sigma-Aldrich (Steinheim, Ger-
many). Standard stock solutions were also prepared for these
pesticides at a concentration of 1000 mg L−1 in hexane and
stored at −20 °C. For all the other pesticides used in the study
(Table S1, ESI†), standard stock solutions of individual pesti-
cides at a concentration of 1000 mg L−1 were obtained from
Anal. Methods, 2024, 16, 2684–2692 | 2685
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Fig. 1 Schematic workflow of sample preparation.
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Bruker Daltonics GmbH (Bremen, Germany). A volume of 10 mL
of the standard stock solutions were transferred into a 1 mL vial
and diluted with the appropriate solvent (MeOH, EtoAc, hexane)
depending on compounds' solubility, to prepare working solu-
tions of 1000 ng L−1. Working solutions were also stored at
−20 °C. Acetic acid (HAc) $ 99% used was purchased from
Honeywell (New Jersey, USA), magnesium sulphate (MgSO4)
anhydrous from Mallinckrodt (New York, USA), while sodium
acetate (NaAc), PSA silica and DSC-18 (C18) were acquired from
Supelco (Bellefonte, USA).

2.2. Samples and sample preparation

Olive oil samples were used to evaluate the applicability of the
method. In total, 20 olive oil samples were collected from
different regions of Greece (Crete, Lesvos, Peloponnese, Samos,
Chios), belonging to three different varieties, namely Koroneiki,
Kolovi and Throumba (Table S2, ESI†). All samples were stored
at room temperature for no more than 15 days before analysis.

The QuEChERS procedure was applied for sample prepara-
tion and was based on the European Standard EN 15662.37 The
sample preparation protocol can be summarized as follows: 2 g
of olive oil were transferred into a 50 mL centrifuge tube; 10 mL
of acetonitrile were added and vortex-mixed for 1 min; centrifu-
gation was carried out for 3 min at 4000 rpm; an aliquot of 6 mL
of the acetonitrile phase (upper layer) was transferred into
a 20 mL screw capped vial; 150 mg PSA and 150 mg C18 were
added and vortex-mixed for 30 s; centrifugation was carried out
for 3 min at 4000 rpm; an aliquot of 2 mL of the supernatant was
taken for each analysis (2 mL for LC-HRMS and 2 mL for
GC-HRMS); both aliquots were evaporated till dryness; reconsti-
tution was performed with 200 mL MeOH :H2O 50 : 50 and 5%
HCOOH (LC-HRMS analysis) and with 200 mL n-hexane
(GC-HRMS analysis); the extracts were vortex-mixed for 30 s each
and transferred into auto-sampler vials to be used for gas- and
liquid chromatographic analyses, aer ltration with regen-
erated cellulose lters (RC 0.20 mm, 15 mm). The schematic
workow of the sample preparation followed is depicted in Fig. 1.

2.3. HRMS analysis

HRMS analysis was performed using a quadrupole time-of-
ight (QTOF) mass spectrometer (Maxis Impact, Bruker Dal-
tonics, Bremen, Germany). Two different analyses were per-
formed for the needs of the study, with LC-(ESI)- and GC-(APCI)
being coupled to the same MS arrangement (QTOF) in both
cases.

2.3.1. LC-(ESI)-HRMS. LC-(ESI)-HRMS analysis was carried
out using an ultra-high performance liquid chromatography
(UHPLC) with a HPG-3400 pump (Dionex Ultimate 3000 RSLC,
Thermo Fisher Scientic, Dreieich, Germany) coupled to QTOF
system. Samples were analyzed with reversed phase liquid
chromatography (RPLC) using electrospray ionization interface
(ESI) operating in both positive and negative modes. Chro-
matographic separation was performed using an Acclaim C18
column (2.1 × 100 mm, 2.2 mm) from Thermo Fisher Scientic
(Dreieich, Germany) preceded by a guard column of the same
packaging material, thermostated at 30 °C. In positive
2686 | Anal. Methods, 2024, 16, 2684–2692
ionization (PI), mobile phase consisted of water/methanol 90/10
(solvent A) and methanol (solvent B), both containing 5 mM
ammonium formate and 0.01% formic acid. In negative ioni-
zation (NI), both solvent A and solvent B were amended with
5 mM ammonium acetate. A gradient elution program, same at
both ionization modes, was adopted starting with 1% B (ow
rate of 0.2 mL min−1) for 1 min, increased to 39% in 2 min and
then to 99.9% (ow rate of 0.4 mLmin−1) for another 11 min. At
this point, 99.9% of B is being kept constant for 2 min (ow rate
of 0.48 mL min−1) and then initial conditions are restored
within 0.1 min, for the next 3 min; then the ow rate decreases
to 0.2 mL min−1. Injection volume was set to 5 mL.

The QTOF-MS system was equipped with an electrospray
ionization interface (ESI) with the following operation parame-
ters: capillary voltage 2500 V (PI) and 3500 V (NI); end plate offset
500 V; nebulizer pressure 2 bar; drying gas 8 L min−1; and gas
temperature 200 °C. The QTOF-MS system was operated in data
independent acquisition (DIA) mode, Bruker's broadband
collision-induced dissociation, bbCID mode, wherein all the
precursor ions within a time cycle were subjected to fragmenta-
tion in the mass spectrometer and recorded spectra over the
range of m/z 50–1000, with a scan rate of 2 Hz. A QTOF-MS
calibration was performed daily with the manufacturer's solu-
tion in the beginning of the sequence and in the beginning of
every injection. The instrument provided a typical mass resolving
power of 36 000–40 000 during calibration (39 274 at m/z
226.1593, 36 923 at m/z 430.9137, and 36 274 at m/z 702.8636).

2.3.2. GC-(APCI)-HRMS. The analysis was carried out by
a GC-APCI-HRMS system consisting of a CP-8400 autosampler,
Bruker 450 GC (gas chromatography system), and a QTOF mass
spectrometer. GC was operated in splitless injection mode
(Restek Split liner w/Glass Frit 4 mm × 6.3 × 78.5) and the
splitless purge valve was activated 1 min aer injection. The
This journal is © The Royal Society of Chemistry 2024
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injection volume was set at 1 mL. A Restek Rxi-5Sil MS column of
30 m (0.25 mm i.d. × 0.25 mm lm thickness) was used with
helium as carrier gas in a constant ow of 1.5 mLmin−1. The GC
oven was programmed as follow: 55 °C initial hold for 3 min,
increase at a rate of 15 °C min−1 to 180 °C, then increase with
a step of 6.5 °C min−1 to 280 °C and hold stable for 5 min fol-
lowed by an increase of 10 °C min−1 to 300 °C for 5.28 min. The
temperature of splitless injector port, GC-MS transfer line and
MS source was maintained at 280, 290 and 250 °C, respectively.

The QTOF-MS was interfaced with an APCI source operating
in positive ionization mode. Mass calibration was automatically
performed with peruorotributylamine (FC43) in the beginning
of the sequence and prior to each injection. MS/MS spectra were
received using DIA mode (Bruker's bbCID), scanning between
30 and 1000 Da (m/z range) with scan frequency of 8 Hz.
2.4. Data analysis and screening strategy

Data acquired from HRMS analysis were subjected to target
screening using DataAnalysis 5.2 and TASQ 2.1 soware (Bruker
Daltonics). Target screening was performed using LC-(ESI)- and
GC-(APCI)-HRMS developed databases.28,38 The databases
included all information required for the identication, namely
compounds' name, formula, retention time and mass-to-charge
ratios (m/z) of the precursor and the qualier ions (i.e. adducts,
fragments). The LC-(ESI)-HRMS database was comprised of 663
pesticides, including compounds ionized in both positive and
negative modes. As shown in the Venn diagram of Fig. 2A, 420
out of the 663 compounds of the database are being detected in
positive mode and 243 in negative, with 225 compounds being
detected in both modes.

In the case of GC-(APCI)-HRMS, the respective database
included 270 compounds corresponding to positive ionization.
The two HRMS databases were used complement to each other,
to increase the depth of coverage and detect a wide range of
pesticides. Therefore, 771 different pesticides constituted the
overall target screening list of our study, as 162 compounds are
common and can be detected in both LC-(ESI)- and GC-(APCI)-
HRMS (Fig. 2B). These 771 pesticides are thoroughly presented
in Table S3 in the ESI,† characterized by their name and
molecular formula. The HRMS analytical platform in which they
are detected along with the ionization mode are also provided.

Identication was performed on the basis of retention time,
mass accuracy, isotopic tting and MS/MS fragments. The
Fig. 2 Venn diagrams depicting the number of pesticides detected
using LC-(ESI)-HRMS analytical platform operating in positive and
negative ionization modes (A) and using LC-(ESI)-, and GC-(APCI)-
HRMS analytical platforms (B).

This journal is © The Royal Society of Chemistry 2024
screening parameters, previously optimized by our group for
the needs of wide-scope target screening,28 were formed as
follows: retention time tolerance < 0.1 min; mass accuracy < 5
m Da for at least 2 ions (molecular ion and qualier fragment),
with the extracted ions chromatograms fully overlapping;
isotopic tting between themeasured and theoretical molecular
formulae < 100 msigma; minimum peak area threshold at 800
and minimum intensity threshold at 200.

Taking a step forward, the identication criteria were
adjusted to each platform's special attributes. Thus, in the case
of GC-(APCI)-HRMS, in which we receive sharp peaks and
narrow full-width half maximum (FWHM), retention time
tolerance was signicantly lowered (DRT = 0.05 min compared
to LC's, DRT = 0.1 min) in order to reduce false positive inci-
dence. In Fig. 3, typical extracted ions chromatograms (EICs) of
pesticides analyzed in LC-(ESI)-QTOF MS (Fig. 3A) and GC-
(APCI)-QTOF MS (Fig. 3B) are depicted, along with the resolving
power of each platform, expressed via FWHM metric. The
screening parameters were applied for the evaluation of both
standard solutions and spiked samples, achieving in all cases
successful identication.

2.5. Method validation

A selection of a validation sub-dataset was considered necessary
due to the great number of target analytes. Thus, representative
compounds of each category were selected to validate the
Fig. 3 Extracted ions chromatograms (EICs) and FWHM recorded in
each platform in the cases of LC-(ESI)-QTOF MS (A), and GC-(APCI)-
QTOF MS (B).

Anal. Methods, 2024, 16, 2684–2692 | 2687
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method in both analytical platforms and for both ionization
modes. The compounds that constituted the validation set were
of different chemical classes, to cover a broad range of pesti-
cides, and were widely distributed in terms of retention time,
too (Table S1, ESI†). A smart evaluation of method's perfor-
mance was implemented, according to the validation protocol
of wide-scope target screening studies presented in Gago-
Ferrero et al.28 Overall, 65 pesticides were used for method
validation, detected with the proposed methodology. Its
performance characteristics were evaluated in terms of line-
arity, matrix effect, accuracy and precision, while the limits of
detection and quantication of the method were estimated.

The linear dynamic range of the method (based on regres-
sion coefficients) was studied in standard solutions at ve
different concentration levels (4, 10, 20, 50, 100 ng mL−1). The
standards were made in the same solvent used in our meth-
odology during the reconstitution step, in the case of olive oil
samples (Section 2.2). Therefore, standard samples were
prepared in MeOH : H2O (50 : 50) for LC-ESI-QTOF analysis,
while in the case of GC-APCI-QTOF hexane was used as solvent.
Recovery experiments were performed to study the accuracy of
the method in ve different concentrations of spiked olive oil
samples (2, 5, 10, 25 and 50 ng g−1). The recovery R (%) of each
analyte was calculated by dividing the area of spiked samples to
that of the matrix-matched standard. To evaluate the matrix
effect of our methodology, matrix matched standards were
prepared and analyzed in each platform, using the extracts of
the blank olive oil sample. Matrix matched calibration curves
were made at concentrations of 2, 5, 10, 25 and 50 ng mL−1
Fig. 4 Identification workflow of malaoxon, detected in LC-(ESI)-QTOF
specific criteria and limits of acceptance being set regarding mass acc
Extracted ion chromatograms (EICs) of the 65 analytes constituting the v
(ESI)-QTOF MS, and GC-(APCI)-QTOF MS (B).

2688 | Anal. Methods, 2024, 16, 2684–2692
(referring to the experimental concentrations and not the ones
nally measured considering the 2-fold preconcentration).
Method's limits of detection (MLOD) and quantication
(MLOQ) values were estimated as the concentration of the
target compound in spiked samples corresponding to signal-
to-noise ratio that equals to 3.3 and 10, respectively. Proce-
dural blank samples were also analyzed for the evaluation and
subtraction of potential laboratory introduced contamination.
Finally, the method's precision was evaluated through the
metric of repeatability, expressed in % RSD. It was estimated
from the analysis of three replicates at a spiked sample of 10 ng
g−1. The validation results are presented in detail, in Table S4
of the ESI.†
3 Results and discussion
3.1. Wide-scope target screening and identication criteria

The target screening workow, thoroughly discussed in Section
2.4, was implemented in HRMS data retrieved from both LC-
(ESI)- and GC-(APCI)-HRMS analysis. Fig. 4A exemplies the
identication workow followed in the case of malaoxon
pesticide, detected using LC-(ESI)-QTOF MS methodology. The
identication criteria are aligned with their limits of acceptance
set per case, in terms of retention time, mass accuracy, isotope
tting, and MS/MS fragmentation. All the abovementioned
parameters met the standards and were within the acceptable
thresholds, compared to the respective theoretical values
included in the database (resulting from standard analysis),
thus leading to successful identication of the compound.
MS. All analytical information retrieved from analysis is considered, with
uracy, retention time, isotopic pattern and MS/MS fragmentation (A).
alidation set, detected in positive ionization mode, in the cases of LC-

This journal is © The Royal Society of Chemistry 2024
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3.2. Validation results

Parameters including method linearity, matrix effect, accuracy,
precision, MLOD and MLOQ, were evaluated for both LC- and
GC-QTOF MS analysis. The validation set was comprised of 65
pesticides, distributed across the chromatographic range, in an
extensive analytical coverage, as shown in Fig. 4B.

3.2.1. Linearity. The methodology demonstrated good line-
arity in both platforms, recording R2 coefficients above 0.98 for
90% of the studied compounds, and above 0.99 in 68% of them
(Fig. 5A). Moreover, in order to compare LC-(ESI)-HRMS and
GC-(APCI)-HRMS sensitivity, 25 common analytes (detected in
both platforms in positive ionization mode), were compared in
terms of calibration slope. As declared by Fig. S1,† most of the
common compounds (80%), presented higher sensitivity in LC
analysis. This can be partially attributed to the solubility of the
analytes in the reconstitution solution, with more polar pesti-
cides being more soluble in methanol/water (reconstitution
solvent used for LC analysis) than in n-hexane (GC analysis).

3.2.2. Matrix effect. Olive oil is considered a complex
matrix, with additional components, apart from pesticides,
being extracted during the sample preparation procedure. This
has a considerable effect on the analytical performance of the
method, as it increases the noise during instrumental analysis,
thus reducing sensitivity. Fig. S2† illustrates the base
peak chromatograms of a blank sample (olive oil) in LC and
GC-HRMS, obtained in positive ionization mode. Matrix effect
Fig. 5 Validation results of the methodology in terms of linearity (A), ma

This journal is © The Royal Society of Chemistry 2024
was evaluated through matrix-matched samples, analyzed in
each platform. The vast majority of the analytes (88%), in both
analytical platforms, presented matrix induced signal suppres-
sion (ME < 0). In detail, 34% of the pesticides exhibitedminimal
matrix effects (suppression or enhancement of 0–20%), 38%
exhibited medium matrix effects (suppression or enhancement
of 20–50%), and 28% exhibited severe matrix effects (suppres-
sion or enhancement > 50%), as shown in Fig. 5B. The overall
results obtained, demonstrate a balanced distribution in the
matrix effect prole, recording similar cases of minimal,
medium and severe matrix effect. This is highly related to the
wide range of pesticides selected as validation set, of different
chemical classes and ionization capacity, aiming at best evalu-
ating the applicability of our method.

3.2.3. Accuracy. The accuracy of the method was evaluated
via recovery metrics, expressed as percentage (%). In total, 83%
of the analytes was classied within the acceptable recovery
rates. More specically, 26 out of 65 analytes (40% of the vali-
dation set) ranged between 70 and 120%, while analytes with
recoveries of 30–70% or 120–140%, which presented RSD values
below 20%, were considered within the acceptable limits (28 out
of 36 analytes in this range, Table S4†). Fig. 5C depicts the
recovery rates of the validation set.

3.2.4. Limits of detection and quantication. The limits of
detection (LODs) and quantication (LOQs) of the method were
estimated for all 65 analytes of the validation set in both
analytical platforms. For compounds detected in more than one
trix effect (B), accuracy (C), and precision (D).

Anal. Methods, 2024, 16, 2684–2692 | 2689
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analytical platform, the MLOD and MLOQ values were calcu-
lated for each one separately. In the same way, two different
values were estimated in the case of LC-(ESI)-QTOF MS
arrangement for analytes that were detected both in positive
and negative ionization. Table S1† summarizes MLOD and
MLOQ per analyte, along with the EU calculated MRLs for olive
oil based on the established MRLs for olives for oil production
and considering the processing factors (PF) of the EU database10

(MRLoil = MRLolive × PF). For the active substances that no
processing factor is determined a processing factor 1 was used.
For compounds that MRLs are not yet established or officially
reported, the general MRL for pesticides corresponding to
0.01 mg kg−1 was set. According to the results obtained, MLOQs
for all 65 analytes were found below MRL, in at least one HRMS
analytical platform or ionization (i.e. LC-(ESI)-positive/negative
and GC-(APCI)-QTOF MS positive), except for omethoate for
which the MRL for olive oil was calculated at 0.08 ng g−1.
Comparing the two HRMS platforms in positive ionization, LC-
(ESI)- recorded lower MLOQ values than GC-(APCI)-HRMS in
83% of the cases of their pairwise comparison, while positive
ionization proved more sensitive than negative, in 90% of their
common analytes.

3.2.5. Precision. Method precision was evaluated by the
determination of repeatability values. A percentage of 92% of the
total analytes of the validation set recorded RSD values below
20% (Fig. 5D). In fact, approximately 71% of the analytes were
found with RSDs below 10% in the repeatability experiments,
while the remarkable percentage of 39% of compounds pre-
sented excellent precision with values below 5%. It has to be
mentioned that the high precision of the overall methodology is
mainly attributed to LC-HRMS analysis, with 63% of the analytes
detected in this particular platform reaching the highest preci-
sion rate of RSD < 5%. Considering that the sample preparation
procedure was the same for both LC- and GC-HRMS, apart from
the reconstitution step, the better results observed could be due
to the reconstitution solvent used for LC analysis (MeOH : H2O at
50 : 50 ratio), which is less volatile than n-hexane (used for GC
analysis), thus more stable during repeatability experiments.
3.3. Application of the method

The validated methodology was applied for the analysis of 20
olive oil samples. The samples were analysed in both LC-(ESI)-
and GC-(APCI)-HRMS platforms and subsequently screened for
the 771 target pesticides available in our databases.

Analysis was performed separately for each platform and
retrieved data were subjected to wide-scope target screening
using the databases of LC-(ESI)- and GC-(APCI)-HRMS accord-
ingly. Data were processed according to the screening workow,
discussed in Section 3, with positive ndings meeting all
identication criteria. The screening led to the identication of
5 pesticides in the total of 20 olive oil samples. More speci-
cally, 3 compounds were identied through LC-(ESI)-HRMS
workow (esprocarb, phosphamidon, pirimiphos-methyl) and
2 through GC-(APCI)-HRMS (chlorpyrifos, lambda-cyhalothrin).
In a consequent step, for analytes detected in the olive oil
samples but not included in the validation set (i.e. esprocarb,
2690 | Anal. Methods, 2024, 16, 2684–2692
chlorpyrifos ethyl), additional analysis was performed using
a spiked sample at 50 ng g−1 to conrm identication (Fig. S3†),
and also perform quantication of the pesticides. The extracted
ion chromatograms (EICs) of the analytes detected are pre-
sented in Fig. S4.†

The identied pesticides and their concentrations are pre-
sented in Table S5† along with MLOD and MLOQ, the recovery
per analyte, the EU MRLs that correspond to the olives for oil
production, the corresponding regulation and the processing
factors where available. The detected compounds include one
thiocarbamate herbicide (esprocarb) and four insecticides, one
organophosphate (phosphamidon), two aryl organo-
thiophosphates (pirimiphos-methyl and chlorpyrifos) and one
pyrethroid (lambda-cyhalothrin).

Lambda-cyhalothrin was determined in one sample at 12 ng
g−1, a concentration far below the calculated MRL for olive oil
which is 500 ng g−1, taking into consideration the processing
factor 1. Lambda-cyhalothrin is officially associated with olive
cultivation in Greece with registered plant protection products
containing this active substance as insecticide for the control of
olive fruit y Bactrocera oleae.39 Similar concentrations of
lambda-cyhalothrin in Greek olive oil samples have been re-
ported again ranging between 10 and 24 ng g−1.40

Chlorpyrifos was identied in one sample but below the
quantication limit of 4.4 ng g−1. Chlorpyrifos has been iden-
tied and quantied in Greek olive oil samples with concen-
trations ranging between 15 and 17 ng g−1,40 and in virgin olive
oils produced in Chile at average concentration of 84 ng g−1.41

Pirimiphos-methyl was also identied in one sample but below
the quantication limit of 2.0 ng g−1. Phosphamidon, also
known as Dimecron, was detected in four samples at concen-
trations between 2 and 2.5 ng g−1. This active substance is not
currently approved under Regulation EC 1107/2009 however it
has been reported to be tested in the past on the control of the
olive y Dacus oleae Gmel.42

It is noted that although chlorpyrifos, phosphamidon and
pirimiphos-methyl are insecticides, not authorized in EU for the
control of olive fruit y in olive trees, their presence in olive oil
could be attributed to pesticide applications in nearby cultiva-
tions or due to other exogenous factors such as transport of
pollutants.3 These active substances are listed in the EU data-
base andMRLs are set for olives for oil production. According to
Regulation (EU) 2018/55, if no specic oil processing factor is
available for virgin olive oil, a default factor of 5 may be applied
for fat-soluble substances, taking into account an olive oil
production standard yield of 20% of the olive harvest and
a default oil processing factor of 1 may be used for non-fat-
soluble substances.43 Based on this, in the strict case scenario
with a processing factor 1, the calculated MRLs for olive oil are
equal to the MRLs for olives for oil production which is 10 ng
g−1 for the three active substances. The generated results show
that the determined concentrations are in all cases below this
limit. It is also noted that chlorpyrifos, lambda-cyhalothrin and
pirimiphos-methyl are among the pesticides detected in virgin
olive oil samples analysed during the annual EU-coordinated
control programme on pesticides residues in food of year
2021.44
This journal is © The Royal Society of Chemistry 2024
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Regarding the herbicide esprocarb, this substance was
determined in seventeen samples with concentrations ranging
between 2.1 and 6.3 ng g−1. This substance is a thiocarbamate
herbicide reported to be used in rice cultivations. Although it is
not registered in EU as pesticide, it is included in the REACH
list of pre-registered substances.45 Esprocarb has been detected
in water sources in Japan and correlated with paddy rice culti-
vation.46 Its presence requires further investigation.

4 Conclusions

The detection of pesticides in food matrices is of paramount
importance, as their presence indicates an imminent risk to
human health. In the present work, a comprehensive method-
ology for the analysis of 771 pesticides in olive oil was devel-
oped, based on LC-(ESI)- and GC-(APCI)-HRMS. Data retrieved
from HRMS analysis were subjected to wide-scope target
screening, utilizing the in-house databases, developed for each
analytical platform. Taking advantage of HRMS full potential,
identication was performed considering all analytical evidence
available from LC/GC-HRMS analysis (i.e. retention time,
isotopic pattern, MS and MS/MS ions information), thus
signicantly enhancing identication condence.

Sample preparation was based on a QuEChERS-based
protocol, common for both techniques, differentiated only on
the reconstitution step, which makes the method highly appli-
cable in routine analysis. Due to the large number of total
analytes, a validation set was selected of about 10% of target
compounds, including representative pesticides per category.
The method was validated in terms of linearity, accuracy, matrix
effect and precision, while the limits of detection and quanti-
cation of the method were also estimated. The method was
then applied in olive oil samples. In total 5 pesticides were
detected, with 3 compounds being identied through LC-(ESI)-
HRMS workow and 2 in GC-(APCI)-HRMS. Therefore, as indi-
cated from the results, an increased analytical coverage was
achieved, with pesticides being detected in both platforms.
Finally, quantication of the analytes was performed, and the
concentrations were found to be below the available MRLs
considering a processing factor 1.

In conclusion, this study mainly highlights the importance
of HRMS approaches in combination with enriched databases
towards wide-scope target screening. To the best of our knowl-
edge, this is the widest method developed so far in terms of
number of pesticides, applied for the rst time in olive oil. It is
also worth mentioning that thanks to HRMS, retrospective
analysis of the samples is also enabled. Namely, pesticides not
yet evaluated and authorised in EU, or unknown pesticides'
degradation products and metabolites could be detected in the
already analysed samples, thus constituting an important asset
towards pesticide control.
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